The chemosensory machinery of Escherichia coli and other bacteria is arranged in large protein clusters (22, 28, 43, 49) . One individual signaling unit is formed by a ternary assembly of chemoreceptor dimers, the histidine kinase CheA, and the so-called adaptor protein CheW. E. coli cells contain 20,000 receptor molecules (22). Recent studies suggest that the stoichiometry of such chemosensory complexes is flexible (17, 32). Allosteric interactions among receptors in a chemosensory cluster facilitate amplification and integration of chemotactic stimuli (20, 21, 41, 42) .
The chemosensory machinery of Escherichia coli and other bacteria is arranged in large protein clusters (22, 28, 43, 49) . One individual signaling unit is formed by a ternary assembly of chemoreceptor dimers, the histidine kinase CheA, and the so-called adaptor protein CheW. E. coli cells contain 20,000 receptor molecules (22) . Recent studies suggest that the stoichiometry of such chemosensory complexes is flexible (17, 32) . Allosteric interactions among receptors in a chemosensory cluster facilitate amplification and integration of chemotactic stimuli (20, 21, 41, 42) .
In contrast to E. coli, which has a single set of che genes and only five receptors, some species from the alpha subgroup of the proteobacteria, such as Pseudomonas aeruginosa, Rhodobacter sphaeroides, and Sinorhizobium meliloti, encode multiple chemotaxis-like systems, reflecting their complex lifestyle. The opportunistic pathogen P. aeruginosa possesses four chemotaxis systems that together have 26 known receptor genes (47) , while the nonsulfur bacterium R. sphaeroides has three separate che operons with 13 known receptor-like genes (27) .
The symbiotic soil bacterium S. meliloti possesses eight methyl-accepting chemotaxis proteins (MCPs), McpS to McpZ, and one transducer-like-protein, IcpA, which lacks the conserved Glu or Gln residues that serve as methyl-accepting sites (29) . Seven of the MCP proteins are localized in the cytoplasmic membrane via two membrane-spanning regions, whereas McpY and IcpA lack such hydrophobic regions. The S. meliloti mcpS gene is the third gene of the che2 operon located on the symbiotic plasmid pSymA (4) . The icpA gene is the first gene of the chromosomal che operon comprising a total of 10 genes (9) . This operon is part of the flagellar gene cluster with 56 chemotaxis, motor, and flagellar genes residing on one contiguous 51.4-kb chromosomal region (7, 46) . For bacteria with numerous chemoreceptor genes, it is not unusual to find most of them located outside chemotaxis operons. This is the case with six monocistronic S. meliloti mcp genes which are scattered throughout the genome. The remaining mcpW gene is cotranscribed with a putative cheW gene. In this study, we examined the localization of the nine receptor gene products in the S. meliloti cell by fluorescence microscopy in wildtype and various deletion strains. The cellular localization of the two soluble receptors, McpY and IcpA, was also analyzed in vitro using an immunoblot assay on fractionated cell components. Furthermore, timing of chemoreceptor gene expression during exponential and stationary phase was determined. a Nomenclature is according to Bachmann (2) and Novick et al. (31) . b For the selection of the Km r marker in S. meliloti, neomycin was used at 120 g/ml when expressed from pK18mobsacB and at 40 g/ml when expressed from pBBR1MCS-2.
c pPHU235 and pPHU236 are pPHU234 derivatives with different translational phasing of lacZ (14) .
(RB medium plus 0.2% mannitol and 2% TY) (35) . Swarm tests were performed on soft agar plates (0.3% Bacto agar and Bromfield medium), inoculated with 3 l of a stationary TYC culture, and incubated for 3 days at 30°C. The following antibiotics were used at the indicated final concentrations: for E. coli, kanamycin at 50 g/ml and tetracycline at 10 g/ml; for S. meliloti, neomycin at 40 g/ml (pBBR1MCS-2) or 120 g/ml (pK18mobsacB) and streptomycin at 600 g/ml and tetracycline at 10 g/ml. Genetic manipulations. The broad-host-range plasmid pBBR1MCS-2 (Table  1) , carrying the lac promoter, served as overexpression vector for genes fused to the enhanced green fluorescent protein (EGFP) gene. Genes were amplified by PCR to include 5Ј and 3Ј restriction sites and initially cloned into pEGFP-N1 (Table 1) to generate plasmids containing in-frame fusions of the amplified genes and the EGFP gene. These constructs were then moved into pBBR1MCS-2. The resulting plasmids were used to transform E. coli S17-1, followed by conjugation in order to effect plasmid transfer to S. meliloti, and streptomycin-neomycin double selection was used to confirm plasmid transfer, as described by Labes et al. (19) .
Gene fusions with the EGFP and monomeric red fluorescent protein (mRFP) genes as well as deletion constructs were created by PCR and overlap extension PCR as described by Higuchi (12) . These constructs were cloned into the mobilizable suicide vector pK18mobsacB, used to transform E. coli S17-1, and conjugally transferred to S. meliloti by filter matings according to the method of Simon et al. (39) . Allelic replacement was achieved by sequential selections on neomycin and 10% sucrose as described previously (45) . Confirmation of allelic replacement and elimination of the vector was obtained by gene-specific primer PCR, DNA-sequencing, and Southern blotting.
DNA methods. S. meliloti DNA was isolated and purified as described previously (45) . Plasmid DNA was purified with NucleoSpin (Macherey Nagel, Düren, Germany), and DNA fragments or PCR products were purified from agarose gels using a GFX PCR and gel band purification kit (GFX, Amersham Biosciences). PCR amplification of chromosomal DNA and Southern blotting were carried out according to published protocols (46) .
Fluorescence microscopy. Suspension of motile cells from mid-log-phase cultures (at least five separate cultures grown on different days) were incubated at 4°C for 2 h. This incubation step at a lower temperature appeared to increase the brightness of the fluorescence without changing the pattern of localization. For immobilization, 5 l of cells was embedded in 1% agarose blocks layered on microscope slides. Images were taken with a LSM510-Meta confocal laser scanning microscope (Carl Zeiss, Jena, Germany) equipped with a 100ϫ PlanApochromat objective. Fluorescence signals of EGFP (excitation at 488 nm; Ar laser) were detected using a band-pass 505-to 550-nm filter. Fluorescence signals of mRFP (excitation 543 nm; HeNe laser) were detected using a long-pass 560-nm filter.
␤-Galactosidase assays. Cultures of S. meliloti containing lacZ fusions from stationary phase were diluted in 10 ml of fresh medium to an OD 600 of 0.05 and incubated at 30°C for 2 h to 64 h to an final OD 600 of 0.06 to 1.2. Cultures were sampled, diluted 1:1 in Z buffer (30) , permeabilized with 1 drop of toluene, and assayed for ␤-galactosidase activity by the method of Miller (30) as previously described (29, 35) .
Cell fractionation. S. meliloti cells were essentially fractionated as previously described by Eggenhofer et al. (5) . A total of 300 ml of motile S. meliloti cells (OD 600 of 0.2 to 0.4) was harvested by centrifugation (5,000 ϫ g for 5 min at 4°C) and resuspended in 3 ml of 50 mM Tris-HCl (pH 8.0) plus 3 mM EDTA. After three passages through a French press at 20,000 lb/in 2 , the resulting extract was freed of unbroken cells by centrifugation at 2,000 ϫ g for 2 min. Broken cells were centrifuged at 48,000 ϫ g for 30 min at 4°C, yielding the cytoplasmic fraction in the supernatant and the membrane fraction in the pellet. The sediment was treated with 0.1% Triton X-100, 50 mM Tris-HCl (pH 8.0), and 3 mM EDTA and centrifuged at 48,000 ϫ g for 30 min at 4°C to remove membraneassociated proteins from the cell membranes. Prior to sodium dodecyl sulfate (SDS)-gel electrophoresis, 12.5 l of 2% (wt/vol) sodium desoxycholate, pH 8.4, was added to a 500-l volume of each fraction and incubated for 20 min on ice, followed by the addition of 24 l of 50% (wt/vol) trichloroacetic acid and a second incubation for 15 min on ice. Precipitated proteins were collected by centrifugation for 5 min at 4°C, washed twice with ice-cold acetone, and resuspended in 30 l of SDS sample buffer containing 0.5% ␤-mercaptoethanol. Prior to SDS-gel electrophoresis, samples were heated to 100°C for 10 min (see "Immunoblotting" below).
Immunoblotting. Polyclonal antibodies raised against purified S. meliloti IcpA and McpY were isolated from whole serum by affinity purification following previously described protocols (37) . Briefly, 100 g of isolated proteins was separated electrophoretically in a 10% acrylamide gel and transferred to nitrocellulose. Proteins on the nitrocellulose blot were stained with the dye Ponceau S to visualize protein bands, and blot areas with protein bound were cut into small pieces to fit in a 2-ml Eppendorf cup. Two milliliters of antiserum was added to the nitrocellulose and incubated for 16 h at 4°C. The blot cuts were washed three times with phosphate-buffered saline (PBS)-0.1% bovine serum albumin (BSA), two times with PBS-0.1% BSA-0.1% Nonidet P40, and three times with PBS-0.1% BSA (5 min each). The specifically bound antibodies were eluted from the blot cuts by careful mixing with 750 l of 0.2 M glycine-HCl, pH 2.5, for 1 min. The supernatant was immediately added to 375 l (prechilled) of 1 M potassium phosphate, pH 9.0. The elution procedure was repeated twice, and the combined eluates were dialyzed three times against PBS.
Whole-cell extracts of 1-ml aliquots of cell cultures at an OD 600 of 0.3 were harvested by centrifugation, resuspended in 30 l of SDS sample buffer, and heated to 100°C for 10 min. Samples of these mixtures were stored at Ϫ20°C. Control samples comprised an equal volume of extract from the appropriate deletion strain and 50 ng of purified IcpA or McpY. Proteins were separated in 10% acrylamide gels, transferred to 0.45-m-pore-size nitrocellulose membrane, and probed using purified anti-S. meliloti IcpA and McpY polyclonal antibodies at a 1:100 dilution. An anti-GFP polyclonal antibody (Abcam, Cambridge, United Kingdom) was used at a 1:400 dilution. Immunodetection was performed essentially as previously described (37) . Blots were incubated with donkey antirabbit horseradish peroxidase-linked whole immunoglobulin antibody (GE Healthcare, Munich, Germany) diluted 1:2,500. Detection was achieved by enhanced chemiluminescence (SuperSignal West Pico Chemiluminescent Substrate; Pierce, Bonn, Germany) using Hyperfilm ECL (GE Healthcare, Munich, Germany).
RESULTS
In vivo localization of receptor-EGFP gene fusions. To examine the localization of chemoreceptor proteins within a wild-type S. meliloti cell, 3Ј EGFP gene fusion constructs of all nine chemoreceptors were introduced individually into the genome. The fusions were made in pK18mobsacB and subsequently transferred by conjugation into strain RU11/001, a wild-type strain, as described before (6) . Each fusion is expressed under its native promoter. The presence of each fusion protein was verified to be full-length by immunoblotting using an anti-GFP antibody (data not shown). For the most part, fusion protein abundance correlated with the strength of its corresponding promoters, as measured previously (29) . The chemotactic ability of the receptor-EGFP fusion strains was assayed using Bromfield soft-agar plates. Most of the strains generated swarms smaller than those generated by the wild type (data not shown) but significantly larger than those of the corresponding deletion strains (29) . Therefore, the fusion of the EGFP gene to the C terminus of the receptors impaired but did not abolish their activity as chemotransducers.
The fluorescence profiles of the fusion strains during exponential growth were assessed by confocal laser scanning microscopy. For each strain, 400 to 800 cells from five independent cell populations were analyzed. Figure 1 depicts representative images for all nine receptor-EGFP fusions. Eight of the fusion proteins localized at the poles, mostly forming loci that were offset from the center of the poles. Only one fusion, McpS-EGFP (in RU13/299), exhibited a weak, nonlocalized fluorescence (Fig. 1A) . The fraction of cells exhibiting polar fluorescence varied considerably among strains, as did the relative intensity of fluorescence. For instance, the fluorescence of McpT-EGFP and McpY-EGFP was rather weak (Fig. 1B and G ), yet a distinct polar focus of fluorescence could be seen in 12% of observed cells in each strain. The remaining chemoreceptor fusions localized chiefly to a single pole in 26 to 46% of the population (Table 2) . Thus, eight of nine chemoreceptors in S. meliloti form polar foci, including the two soluble receptors, McpY and IcpA.
Since the McpS-EGFP fluorescence was weak and diffuse, we overexpressed this construct from the pBBR1MCS-2 derivative pRU2887 (Table 1 ). The resulting fluorescence was more intense but still mostly diffused with a slight polar bias (Fig.  1J) . To determine whether localization of McpS-EGFP depended on the growth phase, we analyzed its localization at stationary phase and found that McpS-EGFP cells were only weakly fluorescent with no distinct patches (Fig. 1K) chemoreceptor expression in greater detail, the activities of promoters fused to lacZ were monitored. These plasmid-based promoter-lacZ fusions had been constructed in a previous study and were expressed in wild-type cells (29) . The PmcpV construct was inactive and not utilized for this experiment. The promoter of the che2 operon, which includes the mcpS gene as a third gene, exhibited an extremely low level of transcription during culture growth, with values ranging between 3 and 11 Miller units (Fig. 2B) . This is consistent with the weak fluorescence seen for cells expressing McpS-EGFP (Fig. 1A  and J) . For the remaining chemoreceptor promoters, a clear dependence on exponential growth was found ( Fig. 2A and B) . Expression increased rapidly at the beginning of exponential growth (at 2 to 4 h), entered a peak at mid-exponential growth (at 10 to 16 h), and then tapered off until the beginning of stationary growth (at 20 to 34 h), when levels dropped below 10% (at 48 to 54 h). A parallel correlation between growth phase-dependent icpA gene transcription and IcpA protein levels in S. meliloti wild type was confirmed by immunoblot assays, including a reduction in IcpA concentration during stationary phase (Fig. 2C) . Effectively, synthesis of those receptor proteins that localize to the poles is limited to exponential growth correlating with the motility phase of the cells (35) .
In vivo colocalization of chromosomal receptor-EGFP and -mRFP fusions. We next asked whether receptor proteins form one single, heterologous cluster or whether they have separate and distinct subcellular localizations, as observed for P. aeruginosa (11) . We introduced mcpX fused to the mRFP gene into the genomes of strains expressing McpU-, McpZ-, or IcpA-EGFP fusions (Table 1) . We analyzed the localization of receptor fusions in cells at mid-exponential phase when cells are most motile and when related protein expression is maximal We also tested the colocalization of receptor proteins and the histidine kinase CheA, which is expressed from the major chemotaxis operon in the flagellar regulon (46) . CheA is the central kinase in the chemosensory system of S. meliloti, based on the observation that a cheA knockout strain is not responsive to stimuli (29, 45) . A CheA-mRFP fusion colocalized with all four chemoreceptor-EGFP fusions tested, namely McpV-, McpX-, McpZ-, and IcpA-EGFP (Fig. 3D and data not  shown) . From these results we can predict that CheA is the cognate kinase for these receptors and part of the common signal transduction complex.
Determinants of receptor localization. In E. coli, the formation of tight receptor clusters is dependent on the presence of chemoreceptors, the histidine kinase CheA, and the adaptor protein CheW (24, 28, 40, 43) . To test whether the same holds true for S. meliloti, we performed a similar analysis of localization using chemoreceptor-EGFP fusions in strains with deletions of chemoreceptors, cheA, or cheW. CheA and CheW are expressed from the major che operon in the flagellar regulon (46) and are essential for chemotaxis since strains with deletions of either cheA or cheW exhibit defective chemotaxis (45) . The second cheW gene, cheW2, is cotranscribed with mcpW (29) , and a strain lacking cheW2 (RU11/811) is impaired in swarming on Bromfield soft-agar plates by about 50% compared to the wild-type control (strain RU11/001) (data not shown). We compared localization of receptor-EGFP fusions in the wild-type strain with strains in which the entire set of chemoreceptor genes (RU13/149, named ⌬9, constructed previously) (29) , cheA (strain RU11/310), or cheW and cheW2 (strain RU11/812) were deleted. All fusions were overexpressed in plasmid pBBR1MCS-2 using its lac promoter.
In wild-type cells, overexpression of chemoreceptor fusions tended to increase the fraction of cells that form polar foci although little or no change was detected for cells expressing McpW-, McpX-, and McpZ-EGFP ( Table 2 ). The greatest increase in the fraction of cells with polar foci was observed for IcpA-EGFP, where numbers doubled. For some cases, fluorescent foci were seen at both poles. Strikingly, for one fusion, McpV-EGFP, the majority of cells formed bipolar foci. In addition, we observed delocalized fluorescence where patches, or caps, were formed at the poles rather than distinct, tight foci. The fluorescence in caps is less bright, and its localization is perturbed (see supplemental material). This was particularly true for McpV-EGFP, where more than 25% of cells formed polar caps.
We next evaluated the localization of the chemoreceptor fusions in the absence of native chemoreceptors. Generally, two different types of delocalization were observed, reduction of the number of polar foci due to general localization and formation of polar caps. Expression of receptor fusions in the receptor deletion strain RU13/149 (⌬9) resulted in an overall reduction of polar fluorescence (25 to 75%) in both foci and caps (Table 2) (Table 1) . However, no decrease in the number of cells with polar localization was observed for either of the two deletion mutant backgrounds (data not shown). We next analyzed whether any other chemotaxis-or motility-related protein is involved in the localization of McpV and IcpA. We used a strain with deletions of genes encoding the master regulator of the flagellar regulon, VisNR (strain RU11/814) (35) . McpV-EGFP still formed fluorescent loci, but these were less dense than in wild-type cells (Fig. 4) . The fusion protein was no longer located in distinct polar foci but, rather, was diffusely spread throughout the membrane with a brightly fluorescent polar cap. IcpA-EGFP was still localized to the pole in the majority of cells, but the number of cells with clusters at both poles increased. Thus, McpV and IcpA are localized at the cell pole independently of CheA and both CheWs. However, tight and targeted polar localization of McpV and IcpA depends on the presence of the chemotaxis machinery. Cellular localization of the soluble receptors McpY and IcpA through cell fractionation. The two soluble S. meliloti receptors localize to the cell poles. This behavior is in contrast with that of the soluble receptors, TlpC and TlpT, from R. sphaeroides (48) but is similar to that of the soluble McpS from P. aeruginosa (3) . To specifically determine the cellular localization of McpY and IcpA, we fractionated S. meliloti wild-type cells, separated the fractions by SDS-gel electrophoresis, and probed the resulting blot with anti-McpY and anti-IcpA antibodies. While McpY was found in the cytosolic fraction (Fig.  5A, lane 1) , IcpA was present in only the membrane fraction (Fig. 5B, lane 3) .
How strong is the association of IcpA with the cytoplasmic membrane? We separated peripheral proteins, which are only weakly associated with the cytoplasmic membrane, from integral membrane proteins by a mild treatment with the nonionic detergent Triton X-100. After this purification step, IcpA was still exclusively present in the membrane fraction (Fig. 5B , lane 2), indicating that its affinity to the cytoplasmic membrane is rather strong.
DISCUSSION
The symbiotic bacterium S. meliloti can live freely in the soil or in association with its host plant, alfalfa. Its genome contains one major chemotaxis operon whose gene products are essential for chemotaxis under laboratory conditions (9, 29) . A second chemotaxis operon has been identified on the symbiotic plasmid pSymA (4, 29) . Each che operon contains one gene coding for a putative chemoreceptor protein. Furthermore, seven additional transducer genes are present in the genome of S. meliloti (7, 29) .
The multiple life styles of specialized bacterial species have led to the development of multiple chemosensory systems, each with a characteristic expression profile. In R. sphaeroides, its two essential chemosensing systems are located at distinct positions in the cell (34, 38) . P. aeruginosa locates both systems, Che and Che2, at the cell poles; however, they are expressed at different phases of growth. McpA, for example, is expressed during stationary phase and joins the existing Che protein complex at the cell poles (11) .
In this study, we analyzed the expression and localization of all nine chemoreceptor proteins from S. meliloti in great detail. Six of the transmembrane receptors and both soluble receptors formed compact clusters at the cell pole (Fig. 1) . McpS was the only exception: cells carrying mcpS fused to the EGFP gene were only weakly fluorescent, and this faint fluorescence was evenly distributed in the whole cell. A possible explanation for this behavior will be discussed below.
Cluster formation in E. coli is modulated by the expression level of receptors, their adaptational covalent modification, and the presence of a C-terminal peptide that constitutes a binding site for the receptor modification proteins CheR and CheB (25, 26) . Our study of S. meliloti receptor-EGFP fusions did not support a correlation between cluster formation and approximate receptor expression levels or the presence of the CheB/CheR-binding motif ( Fig. 1 and 2 and Table 2 ) (29). Further analysis of the adaptational modification system of S. meliloti, the stoichiometry of receptors, and their intracellular interaction will be necessary to better characterize the factors affecting their localization. Cluster formation clearly is enhanced by the presence of other receptor proteins, CheA, and CheW, and CheW2 (Table  2 and Fig. 4) . This was shown for most plasmid-borne receptor-EGFP constructs. Only McpV and IcpA localized to the pole in the absence of other receptor proteins, CheA, or CheW1/ CheW2. However, two indicators of delocalization can be described: (i) McpV formed caps rather than tight foci and spread throughout the cell membrane; (ii) IcpA localized increasingly to both poles (Fig. 4D) . In order to form tight polar foci at the pole bearing the chemosensory machinery, the presence of CheA and/or CheW and CheW2 is required.
One goal of this study was the identification of receptors with expression patterns distinct from those of the general chemotaxis components. We found that all receptor genes except mcpS were maximally expressed during exponential growth, correlating with the peak of cellular motility. Furthermore, the expression of growth phase-dependent receptors is controlled by the master regulators of the flagellar regulon, Rem, VisN, and VisR (data not shown). In contrast, the mcpS gene was weakly expressed during all growth phases ( Fig. 1 and  2 ). Strong expression of McpS may demand growth conditions that are not duplicated during culture in standard liquid medium. One could speculate that the expression of McpS may require other growth parameters. For example, mcpS expression could be induced by alfalfa root exudates, thereby allowing the cell to respond specifically to plant signals under symbiosis-promoting conditions. Directed polar localization could well be controlled in the presence of environmental signals. mcpS is localized on the SymA plasmid and is organized as the third gene in the che2 operon, which contains cheR, cheW, mcpS, cheA, and cheB of the che2 system. At this point, we have no experimental evidence that McpS associates with elements of the plasmid-borne che2 system. It is possible that McpS interacts with a two-component signaling system that is not part of a typical chemosensory unit. McpS may relay environmental signals to induce the transcription of a separate subset of genes. We are currently exploring the expression of mcpS under various growth conditions, e.g., in the presence of root exudates and during interaction with the host plant, alfalfa.
We have shown through colocalization and deletion studies that the transmembrane receptors and both soluble receptors IcpA and McpY are part of one cluster which also harbors the histidine kinase CheA (Fig. 3 and Table 2 ). Receptors without obvious membrane-spanning regions can localize either to a central cluster, as reported for R. sphaeroides, or to a polar chemosensory cluster, as shown for P. aeruginosa (11, 48) . However, both species have more than one chemosensory pathway. It becomes apparent from our studies that motile S. meliloti cells possess only one major chemosensory pathway (29, 45) .
Are McpY and IcpA truly soluble, or are they attached to the cell membrane via hydrophobic domains? An analysis of the secondary structure of McpY using SPLIT, version 4.0 (15) , and SOSUI (13) failed to reveal the presence of any hydrophobic domains. In addition, McpY was isolated in the cytosolic pool after cell fractionation (Fig. 5) . Furthermore, its polar localization is dependent on the presence of other transmembrane receptor proteins. Thus, McpY is a soluble receptor that may localize to the polar membrane via interaction with other chemoreceptors or Che proteins.
The second putative soluble receptor, IcpA, exhibits a different localization pattern. IcpA was isolated in the membrane pool after cell fractionation (Fig. 5) . However, as for McpY, IcpA does not contain hydrophobic domains according SPLIT, version 4.0, and SOSUI, nor does it exhibit any similarity with the E. coli receptor Aer that possesses a hydrophobic membrane anchor 38 amino acids long (1) . Using various approaches, we ruled out several obvious candidates that could have served as specific determinants for the membrane localization of IcpA, such as other receptor or chemotaxis proteins and, more generally speaking, any flagellar or motility proteins (Fig. 4 and Table 2 ). Finally, we tested the possibility that IcpA is itself a determinant for the localization of other receptor and chemotaxis proteins. However, McpU, McpY, and CheA appear at the cell poles in the absence of IcpA (data not shown). Future studies will be needed to determine what localizes IcpA to the cell membrane and cell pole.
